1. Introduction {#s0005}
===============

Myeloproliferative neoplasms (MPNs) are BCR-ABL1 negative clonal diseases of hematopoietic stem cells in which there is an increased proliferation of myeloid series with efficient maturation leading to peripheral blood leukocytosis, increased erythrocyte mass, or thrombocytosis. The diseases include chronic myelogenous leukemia (CML), primary myelofibrosis (PMF), polycythemia vera (PV), essential thrombocythemia (ET), hyper eosinophilia, and mast cell disorders. The majority of patients develop the disease slowly, and some MPNs can progress to leukemia. Besides the patient\'s general clinical symptoms, the treatment depends upon the MPN subtype; therefore, determining the right MPN subtype is important. The previous diagnostic algorithm of MPN was mainly based on their clinical and laboratory measures [@bib1].

This algorithm was critically revised by the World Health Organization (WHO) in 2008 to include molecular and genetic diagnostic criteria such as Janus Kinase 2 (*JAK2*) c.1849G\>T; p.Val617Phe (hereafter referred to as *JAK2* V617F); and other histological information [@bib2], [@bib3]. Of note, the mutation of *JAK2* is not specific for any single MPN but provides clonal proliferation evidence and thus excludes further consideration of a reactive cause. Available data indicate that 90% of patients with PV and 50--60% of cases of those with PMF or ET have detectable *JAK2* V617F mutation [@bib4]. A small proportion of PV cases alternatively carry *JAK2* exon 12 mutations [@bib5].

JAK2 is a cytoplasmic tyrosine kinase encoded by a gene located on the short arm of chromosome 9 (9p24.1) and functions as a crucial mediator of signaling for hematopoietic cytokines and hormones, several interleukins, and growth hormones [@bib6]. The V617F mutation is a G\>T transversion at nucleotide 1849 of exon 14, leading to a substitution of phenylalanine for valine at codon 617 (V617F), at the negative regulatory domain JAK homology 2 (JH2). This point constitutively activates the production of the JAK2 tyrosine kinase owing to the loss of autoinhibitory control [@bib7]. Overexpression of *JAK2* V617F together with the erythropoietin receptor in cells, results in hyperactivation of erythropoietin-induced cell signaling. This gain-of-function mutation of *JAK2* probably explains the hypersensitivity of PV progenitor cells to not only include growth factors but also cytokines[@bib8]. The incidence of MPNs is estimated to be approximately 0.5--6.5 per 100,000 people[@bib9].

Detection of a *JAK2* V617F mutation is a diagnostically relevant molecular marker in MPN disorders [@bib10]. Due to the diagnostic importance of *JAK2* V617F mutation, some protocols have been developed using the molecular approach including restriction fragment length polymorphism (RFLP-PCR) [@bib11], amplification refractory mutation system (ARMS) [@bib12], high-resolution melting (HRM) [@bib13], and direct sequencing [@bib14].

The RFLP-PCR exploits variations in homologous DNA sequences and allows rapid detection of *JAK2* V617F mutation after the genomic sequences are amplified by PCR. The mutation is distinguished by digestion with a specific restriction enzyme and is identified directly in stained agarose gel. The ARMS technique consists of two complementary PCR reactions. The first reaction contains primers designed to amplify only the wild-type variant while the second reaction contains primers specifically designed to amplify the mutant variant. The HRM assay consists of PCR reaction, followed by a short melting step and subsequent analysis [@bib13], [@bib15], [@bib16]. DNA sequencing is one of the most widely used methods for analysing DNA and has been successfully used to detect any mutation in the sequence being analysed. The DNA sequencing approach is often considered the''gold standard' for DNA sequence analysis; however, this approach is not very sensitive [@bib17]. It has been shown that a mutation must be present in approximately 20% of the sample to be readily detected by direct sequencing [@bib18]. Each of these methods has its own advantages and disadvantages, including sensitivity, ease of performance, and instrumentation constraints.

Results derived from the evaluation of these methods may differ with respect to analytical sensitivity, and specificity [@bib19], [@bib20], [@bib21], [@bib22]. Currently, there is no consensus regarding common analytical aspects that include the type of sample, the clinical relevance of distinguishing heterozygous from homozygous mutations, and the appropriate interpretation and reporting of quantitative results particularly those of low-level mutations [@bib20]. Here, we have evaluated the performance of the PCR-based ARMS, HRM, and Sanger direct sequencing for the detection of *JAK2* V617F mutation and compare their results with those obtained by a PCR-RFLP assay.

2. Materials and methods {#s0010}
========================

2.1. Samples {#s0015}
------------

This study was approved by CAPPesq- HCFMUSP under protocol number CAPPesq 9371 for the year 2012. We analyzed blood samples from 136 patients (mean age: 59±17; 50% male) with a clinically suspected diagnosis of MPNs. Patients were classified by the WHO 2008 criteria [@bib3] as one of the following: PV (20 cases), ET (28 cases), or PMF (20 cases). Also, another 68 patients with a clinically suspected diagnosis of MPNs were included. [Table 1](#t0005){ref-type="table"} demonstrates the main characteristics and the result of the *JAK2* V617F mutation analysis by PCR-RFLP in the studied subjects. This methodology was chosen as the gold standard because of its longstanding use.Table 1Clinical and laboratory characteristics of patients included in this study.Table 1MPN[a](#tblt0005-fn1){ref-type="table-fn"} (*n*=68) with confirmed diagnosisMPN[a](#tblt0005-fn1){ref-type="table-fn"} with suspected daignosis (*n*=68)Age (years) -- median (range):62.3 (17--87)53.6 (15--83)Gender -- male/female28/4027/41Hemoglobin (g/dL) -- median (range)14.0 (7.0--22.0)13.5 (6.0--22.0)WBC count (×109 L--1) -- median (range)9.26 (1.35--66.2)8.46 (2.2--58.9)Platelet count (×109 L--1) -- median (range)527.5 (43.3--1.660)179.5 M (14.0--1.110)JAK2 muattion status (%)69.14.4JAK2 ^WT^2165JAK V617F positive473[^1]

2.2. DNA extraction and quantification {#s0020}
--------------------------------------

Genomic DNA was extracted from blood samples using the Blood genomic Prep Mini Spin Kit (GE Healthcare™, UK) following the protocol recommended by the manufacturers. The DNA concentration was determined by spectrophotometry using the Nanodrop ND 1000 (NanoDrop, UNISCIENCE, USA). DNA quality was assessed by the 260:280 and 260:230 spectrophotometric ratios and its integrity by agarose gel electrophoresis. Samples whose 260:280 and 260:230 ratios were \<1.8, were excluded. All samples were coded and assayed blindly in duplicate for the *JAK2*V617F mutation. Code numbers were given to the samples, which were then assayed blindly in duplicate by the investigator. The final result decoding was performed during analysis of data.

2.3. JAK2^V617F^ mutation by restriction fragment length polymorphism (RFLP) {#s0025}
----------------------------------------------------------------------------

To screen for the presence of the *JAK2*V617F mutation by restriction digestion, a PCR reaction was prepared to amplify the portion of the *JAK2* region that acquires this mutation (360 base pairs) as previously described [@bib23]. The reaction mixture in a final volume of 30 μl was made using 1 U of enzyme *Taq* polymerase (Invitrogen™, USA) as follows: 100 ng of genomic DNA, 1 μM of primers sense (5′ TGC TGA AAG TAG GAG AAA GTG CAT 3′), 1 μM of antisense primer (5′ TCC TAC AGT GTT TTC AGT TTC AA 3′), 200 μM dNTPs, and 1.5 mM MgCl~2~. The cycling conditions were as follows: one cycle of 95 °C for two minutes; 35 cycles of 94 °C for 30 s, 56 °C for one minute, 72 °C for one minute, and a final extension at 72 °C for five minutes. All samples were tested in duplicate. The final PCR products were resolved on 3% agarose and visualized with ethidium bromide staining. To ensure no cross-contamination occurred, control experiments with water replacing DNA samples were routinely performed and filter tips were used throughout. The amplified products were then subjected to enzymatic digestion using the restriction enzyme *BsaXI* (BioLabs™, New England) following the manufacturer\'s protocol. Following the *enzymatic* digestion, the 360-bp amplicon remained undigested in mutant *JAK2* V617F samples; whereas *JAK2* wildtype samples generated a fragment of 180 bp. A human erythroleukemia cell line \[HEL\], which is known to have more than two mutant alleles per cell [@bib12], was used as a positive control. For negative controls, we used the K562 CML cell line, which does not express JAK2 exon14. Zygosity determination was based on *Bsa*XI restriction digest patterns ([Fig. 1](#f0005){ref-type="fig"}).Fig. 1RFLP analysis of *JAK2* V617F mutation. (A) PCR amplification of *JAK2:* Lane M, 100-bp ladder; Lane 1 negative control without template, lanes 3--13, samples from patients, lane 2 normal control (K562 cell line), and lane 14 mutant control (HEL cell line). Arrow indicates the size of the amplified products. (B) *BsaXI* digestion: Lane M, 100-bp ladder; Lane 1 negative control without template, lanes 2 normal control (K562 cell line), lane 3,4, 9 and 13 samples from patients with a mixed pattern of both mutant and wild-type alleles, and lane 5--7 and 10--12 samples from patients with wildtype allele, and lane 14 is the mutant control (HEL cell line).Fig. 1

2.4. V617F genotyping by amplification refractory mutation system (ARMS) {#s0030}
------------------------------------------------------------------------

Patients were genotyped initially by a DNA tetra-primer ARMS assay to specifically amplify the normal and mutant sequences plus a positive control band (DNA fragment spans the site of the JAK2 V617F mutation) in a single reaction as previously reported [@bib24]. Amplifications were performed under standard conditions using AmpliTaq Gold® DNA polymerase (Applied Biosystems, Foster City, CA, USA), annealing temperature 56 °C, and 35 cycles. Amplified products were resolved in an ABI PRISM 3130 and analyzed using the GenScan I D V3.2 (Biosystems, Foster City, CA, EUA).

Results from fragment analysis are interpreted as follows: fragments with 230 bp represent the wild-type allele, and the fragments with 277 bp represent the mutated allele. Patients with an absence of the *JAK2* V617F mutation display only a fragment of 230 bp, while individuals with the presence of mutation show a fragment of 277 bp, and patients with mixed populations demonstrate the two fragments. The HEL and K562 CML cell lines were used as positive and negative controls, respectively.

2.5. High-resolution melting (HRM) curve analysis {#s0035}
-------------------------------------------------

Here, we used the previously published forward primer: 5′ AGC AAG CTT TCT CAC AAG CA 3, reverse primer: 5′ CTG ACA CCT AGC TGT GAT CCT G 3′ (targeting a 155 bp) to detect *JAK2* V617F mutation [@bib16]. Wild and mutated *JAK2* V617F alleles were amplified with KAPA HRM Fast PCR Kit (Kapa Biosystems). PCR amplification conditions were 50 °C 10 min, 95 °C 30 s, 95 °C 15 s, and 62 °C 1 min, 45 cycles. PCR was performed with ABI 7500 Real-Time PCR system (Applied Biosystems). The HRM PCR reactions were performed and analyzed with the RotorGene real-time analyzer 6000™ (Corbett Life Sciences, Mortlake, Australia). Negative controls and positive controls were used as a reference curve to generate the difference plot. Examples of HRM curves of JAK2 exon 12 mutations are shown in [Fig. 2](#f0010){ref-type="fig"}.Fig. 2An example of HRM curves of JAK2 exon 12 mutations. (A) a melting curve profile shows that mutant allele had a melting profile distinct from that of the wildtype allele. (B) Difference plot demonstrates that patient with mutant allele has a characteristic melting curve.Fig. 2

2.6. Direct DNA sequencing {#s0040}
--------------------------

Sanger sequencing was performed on the same amplicons as used for RFLP analysis. The amplified fragments were purified using a QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). The purified products were directly sequenced on both strands using the PCR primers and the PRISM Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems/Perkin-Elmer, Foster City, CA) in an automated sequencer (ABI 3130, Applied Biosystems). Forward and reverse chromatograms were aligned and compared using the Mutation Surveyor 3.01 software (SoftGenetics, State College, PA).

2.7. Statistical analysis {#s0045}
-------------------------

The percentage of samples correctly identified as positive for the *JAK2*V617F mutation, the percentage of samples correctly identified as negative, positive predictive, and the negative predictive value for detecting the *JAK2*V617F mutation were calculated for each of assay. The kappa value (*k*) was used to determine the level of agreement between each alternative assay and the PCR-RFLP. Negative k indicates that the agreement between tests is less than expected by random chance; a k of 0 indicates that the agreement is the same as chance. *K*≤0.20=poor agreement, 0.20≤*k*≤0.40=fair agreement, 0.41≤*k*≤0.60=moderate agreement, 0.61≤*k*≤0.80=substantial agreement, *k*≥0.80=good agreement, and k=1 represents perfect agreement. All statistical analysis was performed using SPSS software v.16.0 (IBM Corp., Armonk, NY, USA).

3. Results {#s0050}
==========

Of the 136 patients evaluated, 20 (14.7%) were diagnosed as PV, 20 (14.7%) as PMF, and 28 (20.6%) as ET according to the 2008 WHO criteria. The remaining 68 (50%) were suspected of having MPNs ([Table 1](#t0005){ref-type="table"}). All samples were subjected to ARMS-PCR methods, HRM-PCR, and direct sequencing, and their results were compared with those obtained by the PCR-RFLP technique. An example of a PCR-RFLP analysis with control is shown in [Fig. 1](#f0005){ref-type="fig"}.

Of the 136 samples with a known or suspected diagnosis of an MPN, 50 (36.8%) were positive for the V617F *JAK2* mutation by the RFLP assay, and 86 (63.2%) were negative. The proportion of positive patients per disease subtype ranged from 19 (95%) of 20 for PV, eight (40%) of 20 for PMF, 20 (71%) of 28 for ET, and 3 (4%) of 68 patients with a suspected diagnosis of MPNs as shown in [Table 2](#t0010){ref-type="table"}.Table 2Comparison of *JAK2* V617F mutation positive samples as assessed by the PCR-based assays.Table 2Disorders*n*Positive for *JAK2* V617FPCR-RFLPPCR-ARMSPCR-HRMDirect SequencingPolycythemia Vera (PV)2019 (95%)19 (95%)19 (95%)19 (95%)Primary Mielofibroses (PMF)2008 (40%)08 (40%)08 (40%)08 (40%)Essential Thrombocythemia [@bib1]2820 (71.4%)19 (67.8%)19 (67.8%)18 (64.3%)Clinically suspected MPN[a](#tblt0010-fn1){ref-type="table-fn"}6803 (4.4%)02 (2.9%)02 (2.9%)02 (2.9%)[^2]

The PCR-ARMS and PCR-HRM assays had 100% comparable results ([Table 2](#t0010){ref-type="table"}, [Table 3](#t0015){ref-type="table"}). Both assays had detected the *JAK2* V617F mutation in 19 (95%) of the patients with of PV, eight (40%) patients with PMF, 19 (67.8%) in patients with ET, and two patients (2.9%) of those suspected of having MPNs ([Table 2](#t0010){ref-type="table"}). These results were in complete concordance with the results obtained by the PCR-RFLP method in patients with PV and PMF (kappa=1.0). Both the PCR-ARMS and PCR-HRM assays demonstrated an overall sensitivity, specificity, and accuracy of 96%, 100%, and 98.5%, respectively ([Table 3](#t0015){ref-type="table"}). When interpreted in combination, the PCR-ARMS agreed in 48 of the 50 *JAK2* V617F PCR-RFLP detectable mutations \[96.8% concordances (95% CI 95.6 to 97.7%)\]). No sample that was PCR-RFLP negative tested positive by PCR-ARMS or PCR-HRM assay.Table 3Statistical evaluation of PCR-ARMS, PCR-HRM, and direct sequencing to PCR-RFLP.Table 3**PCR-ARMSPCR-HRMDirect Sequencing**Positive predictive value (%)100100100Positive predictive value 95%IC92.6--10092.6--10092.4--100Sensitivity (%)969694Negative predictive value (%)97.797.796.6Negative predictive value 95%IC92--99.492 --99.490.5--98.8Specificity (%)100100100Accuracy (%)98.598.597.8Concordance (%)96.896.895.2Concordance 95%IC95.6--97.795.6--97.793.3--96.5Bias correction factor C~b~ (% accuracy)99.999.999.9Weighted Kappa0.970.970.95Weighted Kappa 95%IC92.4--10092.4--10089.8 to 100

The direct sequencing assay was able to detect the *JAK2* V617F mutation in 19 (95%), eight (40%), 18 (64.3%) and two (2.9%) in samples of PV, PMF, ET, and MPN respectively. There were two samples from patients with ET disorder that were positive by RFLP and negative by the conventional sequencing method. In comparison with RFLP results, there was an agreement between 47 of 50 samples with detectable *JAK2* V617F mutation ([Table 2](#t0010){ref-type="table"}). The overall concordance rate between both tests for detecting the *JAK2* V617F mutation was 95.2% (95% CI; 93.3--96.5%). Compared to PCR-RFLP, direct sequencing revealed an overall sensitivity, specificity, and accuracy of 94%, 100%, and 97.8%, respectively ([Table 3](#t0015){ref-type="table"}). Agreement between both tests was 95.2% with a kappa value of 0.95 (95%IC, 89.8 to 100).

4. Discussion {#s0055}
=============

The principal objective for undertaking this study was to evaluate the performance of several *JAK2* V617F mutation PCR-based assays. This information was intended to be used in the process of selecting a method with good analytical performance that benefits both laboratories and patients. During the last decades, several PCR-based assays with different analytical sensitivity and specificity parameters have been developed [@bib22]. These assays include genomic direct DNA sequencing [@bib25], RT-PCR-sequencing [@bib11], allele-specific polymerase chain reaction [@bib8], PCR-ARMS [@bib24], PCR-RFLP [@bib11], real-time PCR [@bib26], DNA-melting curve analysis [@bib27], allele blocker PCR [@bib28], and AS-quantitative PCR (AS-PCR) [@bib29].

However, these methods have their disadvantages: for example, DNA sequencing has the ability to detect specific DNA-sequence changes but is limited by high cost and low sensitivity[@bib21]. PCR-ARMS, considered one of the most sensitive (0.01%--5%) techniques, requires post-amplification manipulation [@bib15]. The PCR-RFLP is time-consuming and can be complicated by incomplete digestion with the restriction enzyme causing false-positive results [@bib30]. The sensitivity and specificity parameters together with the performance costs are important factors that might impact the utility of these assays and should always be considered when selecting or evaluating these methods. Very few studies have been carried out to evaluate the currently available testing assays for screening the *JAK2* point mutation in MPN patients. For instance, Cancovik et al. [@bib19], evaluated the performance of three screening methods (*JAK2* Activating Mutation Assay, *JAK2* Muta*Screen* kit, a home-brew melting curve analysis method), and one quantitative method for *JAK2* V617F detection in 33 selected samples. The results from the latter study indicate good concordance among all four testing methods when there is a higher concentration of the mutant alleles, while the melting curve assay proved less reliable at lower levels. A comparative study of HRM-PCR and PCR-ARMS assays by Er TK et al. [@bib16] revealed 100% comparable between the tests.

In our study, three different screening techniques were evaluated using a total of 136 patients with confirmed or suspected MPNs and compared their results to those obtained by the PCR-RLFP assay. The PCR-RFLP was used as a reference assay because it was the first method to be described for the detection of the *JAK2* V617F mutation and it is a widely used technique.

Our results were consistent with the previously published studies demonstrating perfect concordance among all four testing methods particularly in PV and PMF patients [@bib19], [@bib26]. The discordant results were observed in groups of patients with ET and in patients presenting with clinically suspected MPN. Our results are in agreement with previous studies [@bib16], in which the PCR-HRM analysis of all patients was fully concordant with the ARMS results. With both tests, only one sample of the 20 patients with ET and one of the three patients with clinically suspected MPN gave different results compared with those obtained by the PCR-RFLP. Of note, the *JAK2* V617F mutations in both samples were also not detected by direct sequencing. Thus, it is possible that both cases had no mutation and the results obtained by the PCR-RFLP assay were false positives due to incomplete digestion or inferior quality of the DNA template.

PCR-RFLP depends on the restriction enzymes' success in achieving recognition and cleavage at restriction sites. There is no guarantee that every restriction site will be identified and cleave exactly as predicted. Thus, the results of the present study indicate that both PCR-ARMS and PCR-HRM methods can accurately detect *JAK2* V617F mutation. The PCR-ARMS method is based on a multiplex PCR, whereby one intermediate primer will generate a second, smaller fragment in addition to the complete band. The role of the intermediate primer is to introduce bases that are illegitimate to the target sequence to destabilize the annealing process. Thus, in cases with the presence of *JAK2* mutation, no annealing with intermediate primer will happen and consequently the side band will not be observed.

The main disadvantage of this method is that it requires post-amplification manipulation. The PCR-HRM method offers some advantages over PCR-ARMS, including ease of performance, speed, and that it does not require any post-PCR processing.

Our evaluation revealed that direct sequencing was a less sensitive method at detecting the *JAK2* V617F mutation. The limit for mutation detection by direct sequencing is subjective, and may depend on the experience level of the person interpreting the data. It is also possible that mutations were present below the nominal sensitivity of Sanger sequencing, which can be as high as 20% mutant DNA in the background of the wild type allele [@bib18], [@bib20]. Nowadays, the massive parallel sequencing technologies have been used for standard sequencing applications and have greatly improved the detection of *JAK2*V617F mutation but they are dependent on the availability of the proprietary equipment [@bib24]. In the future, we might benefit from the incorporation of this technology into routine diagnostic investigations.

5. Conclusions {#s0060}
==============

In conclusion, we have compared the results of four PCR-based assays including PCR-RFLP for detection of *JAK2* V617F mutation in blood samples from clinically confirmed and other suspected patients with MPN. Our results have demonstrated that the PCR-ARMS protocol is quick, easy, and can detect the *JAK2* V617F mutations effectively in the extracted DNA.
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